Depression results from changes in the central nervous system (CNS) that may result from immunological abnormalities. The immune system affects the CNS through cytokines, which regulate brain activities and emotions. Cytokines affect two biological systems that are most associated with the pathophysiology of depression: The hypothalamic-pituitary-adrenal axis and the catecholamine/ sympathetic nervous system. Neuroinflammation and cytokines affect the brain signal patterns involved in the psychopathology of depression and the mechanisms of antidepressants, and they are associated with neurogenesis and neural plasticity. These observations suggest that neuroinflammation and cytokines might cause and/or maintain depression, and that they might be useful in the diagnosis and prognosis of depression. This psychoneuroimmunologic perspective might compensate for some of the limitations of the monoamine theory by suggesting that depression is a result of a failure to adapt to stress and that inflammatory responses and cytokines are involved in this process. In this review, the interactions of cytokines with the CNS, neuroendocrine system, neurotransmitters, neurodegeneration/neurogenesis, and antidepressants are discussed. The roles of cytokines in the etiology and psychopathology of depression are examined. The use of cytokine inhibitors or anti-inflammatory drugs in depression treatment is explored. Finally, the significance and limitations of the cytokine hypothesis are discussed. Core tip: We investigated the etiology and the pathogenesis of depression regarding the cytokine network. It was concluded that depression may be caused by neuroinflammation and cytokine imbalances, which are closely connected with the central nerve system, hypothalamicpituitary-adrenal axis, neurotransmitter, autonomic nerve system, neural plasticity, and antidepressants.
INTRODUCTION
Severe psychological and/or physical stress can result in homeostatic imbalances and abnormal immune responses. Several hypotheses have proposed that immunologic imbalances affect the central nervous system (CNS) and result in psychopathology. Depression is a disease that is associated with changes in the CNS that might be caused by immunological abnormalities. Recent clinical and experimental studies have confirmed that internal and external stress significantly affects the expression of depressive symptoms and their persistence in vulnerable individuals with immunological abnormalities [1] . Moreover, cytokines affect the activity of the two biological systems that are most associated with the pathophysiology of depression: The hypothalamicpituitary-adrenal (HPA) axis and the catecholamine/ sympathetic nervous system [2] . The CNS affects the immune system through the autonomic nervous system and the neuroendocrine system. Reciprocally, the immune system affects the CNS through cytokines secreted by immune cells that regulate brain activities and emotions [3] . Thus, the immune system can be regarded as a sensory organ that recognizes internal or external stress. Stress can trigger overall changes in the immune system, neurotransmitters, neuroendocrine system, and CNS, and their interactions contribute to the expression, continuation, and termination of depressive symptoms.
This psychoneuroimmunologic perspective suggests that depression is mediated by inflammatory responses and cytokines, and that the disease results from a failure to adapt to stress. This view might compensate for some of the limitations of the monoamine theory, which is an important psychopathologic model of depression.
In this review, the interactions of cytokines with the CNS, neuroendocrine system, neurotransmitters, neurogenesis, and antidepressants are investigated. The roles of cytokines in the etiology and psychopathology of depression are examined. In addition, the use of cytokine inhibitors and anti-inflammatory drugs in the treatment of depression are explored, and the significance and limitations of the cytokine hypothesis are discussed.
CYTOKINE SYSTEM

Peripheral and central cytokines and neuroimmune circuits
Cytokines mediate signaling among immune cells. They activate or inhibit other immune cells, which results in a complicated circuit. Cytokines act on cell membrane receptors like neurotransmitters or on intracellular receptors like hormones to transmit information to cells. They are mainly secreted from monocytes (or macrophages) or lymphocytes as well as from brain cells, such as neurons, endothelial cells, astrocytes, and microglia. Cytokines are divided into various types, including interleukins (ILs), chemokines, tumor necrosis factors (TNFs), interferons (IFNs), and transforming growth factors (TGFs).
Proinflammatory cytokines include IL-1, IL-2, IL-6, IFN-γ, and TNF-α. Anti-inflammatory cytokines include IL-4, IL-10, IL-11, IL-13, and TGF-β [4] . The proinflammatory cytokines activate cyclo-oxygenase-2 (COX-2), increase the levels of prostaglandin E2 (PGE2), activate inflammatory cells, and induce inflammatory reactions. They interact with each other to maintain balance. For example, IL-10 reduces TNF production, and the IL-1 receptor antagonist (IL-1ra) antagonizes the IL-1 receptor. In chronic inflammation, the proinflammatory cytokines are increased and the anti-inflammatory cytokines are decreased, which results in the onset of various diseases [5] . The production of the peripheral cytokines that are secreted from monocytes or macrophages is determined by the level of immune activity. In pathologic states, such as acute or chronic inflammation or tissue damage, immune function and macrophages are activated to increase the levels of proinflammatory cytokines. Cortisol secreted from the adrenal cortex as a result of HPA-axis activation is most important in peripheral cytokine production. When cortisol levels are low, the production of proinflammatory cytokines increases, while their production is inhibited when cortisol levels are high [6] . Neurotransmitters regulate peripheral cytokines through cortisol levels. For example, acetylcholine (Ach), dopamine (DA), and noradrenaline (NA) promote the secretion of corticotropin-releasing hormone (CRH) in the hypothalamus, and serotonin (5-HT) inhibits the secretion of CRH in the hypothalamus and adrenocorticotropic hormone (ACTH) in the pituitary [7] . In addition, the autonomic nervous system regulates peripheral cytokine production. Parasympathetic nerves directly affect the immune system, while sympathetic nerves affect the immune system through NA secretion from the peripheral sympathetic ganglia. The vagus nucleus, which is located in the pons, inhibits immune functions and cytokine production through the secretion of Ach from the vagus nerve [8] (Figure 1 ).
Because peripheral cytokines are hydrophilic and have large molecular weights, they are unable to pass through the blood-brain barrier (BBB) in their normal state. However, they can pass through the BBB in pathological states that involve increased BBB permeability. Moreover, cytokines are also able to affect the CNS through mediators, such as nitric oxide or prostaglandins released in response to cytokines [9, 10] . IL-1 receptors are densely distributed in glial cells near arterioles or the plexus choroideus [11] . This suggests that the IL-1 receptors in the CNS and IL-1 in the peripheral blood actively communicate with each other. Additional channels through which peripheral cytokines Jeon SW et al . Neuroinflammation in depression transmit immune signals to the CNS include passive diffusion through the circumventricular organs (brain regions that do not have a BBB), active transport to the CNS, and nerve conduction pathways through the vagus nerve [6] . Central cytokines are usually secreted from astrocytes or microglia, but neurons can secrete them in certain conditions [12] . Central cytokines are produced in a number of brain regions, including the circumventricular region, hypothalamus, hippocampus, cerebellum, forebrain, basal ganglia, and brain stem nuclei [13] . IL-1, which is secreted from the brain, is found in the hypothalamus and hippocampus [14] . The roles of central cytokines in the brain are not fully understood. However, the proinflammatory cytokines IL-1, IL-6, TNF-α, and IFN-γ have been implicated in neuronal development, neuroplasticity, synaptogenesis, and tissue repair [15] . Proinflammatory cytokines promote neuronal necrosis after traumatic brain injuries [16] . Cytokine receptors are located in the immune Figure 1 The role of cytokine network in depression in connection with immune system, hypothalamic-pituitary-adrenal axis, neurotransmitter, and autonomic nerve system. The figure shows communication between peripheral and central cytokine system. Early innate proinflammatory cytokines released by macrophage (TNF-α, IL-1, IL-6 and INF-α), and late acquired T cell cytokines (IL-2 and INF-γ) stimulate glucocorticoid secretion by acting at all three levels of the HPA axis. Glucocorticoids are negatively feedback on the peripheral immune system to suppress the production of proinflammatory cytokines. Glucocorticoids also play an important role in causing a shift from cellular (T-helper 1) to humoral (T-helper 2) immune responses. The central cytokines are usually secreted from the astrocyte or microglia. Central cytokines (IL-1, IL-6, TNF-α, and IFN-γ) are considered to be involved in neuroplasticity in brain. The neurotransmitters (NA, ACH, and 5-HT) regulate the peripheral cytokines by changing the cortisol concentration level. The Ach, DA, and NA promote the secretion of the CRH in hypothalamus, and 5-HT inhibits the secretion of the CRH in hypothalamus and the ACTH in pituitary. The ANS also regulates the peripheral cytokine production. The parasympathetic nerve directly reaches the immune system while the sympathetic nerve affects the immune system through the NA secretion from the peripheral sympathetic ganglia. Sickness behaviors refer to behavioral changes that are observed during an infection period. These include feelings of helplessness, depressive mood, anxiety, hypersomnia, loss of appetite, and inattention. Based on findings that patients with depression exhibit increased levels of proinflammatory cytokines in the plasma [23, 24] , decreased levels of anti-inflammatory cytokines [28] , and increased levels of PGE2 in the cerebrospinal fluid [29] , depression is considered a sickness behavior.
Fourth, antidepressants improve depressive symptoms by inhibiting cytokine secretion from immune cells or by acting as an antagonist of cytokine receptors. Antidepressants inhibit proinflammatory cytokine secretion from monocytes or macrophages, act as chemotaxis inhibitors, and increase the production of anti-inflammatory cytokines [30] . An in vitro study reported antiinflammatory reactions with therapeutic doses of antidepressants that involved the inhibition of IFN-γ and increased IL-10 [31] . In addition, antidepressants significantly inhibit the lipopolysaccharide-induced production of IL-1β, IL-6, and TNF-α, as well as the secretion of IL-2 and IFN-γ in T cells [32] . In summary, neuroinflammation and cytokines, which affect patterns of brain signal transmission, are important in the psychopathology of depression and mechanism of antidepressants. Furthermore, they are associated with neurogenesis and neural plasticity in the brain. Thus, neuroinflammation and cytokines appear to cause or continue depression and might be useful for determining the diagnosis and prognosis of depression. Epidemiological studies support the view that increased levels of IL-6, IL-1ra, and C-reactive protein (CRP) can be harnessed to predict the occurrence of depression [33] .
A recent meta-analysis demonstrated that the markers of inflammation with relatively consistent increases in patients with depression are IL-6, TNF-α, TNF-β1, IFN, and CRP [34] .
ARE CYTOKINES A CAUSE OF DEPRESSION?
Cytokine, HPA-axis activation, and glucocorticoid receptor resistance HPA-axis activation is one of the most important biological findings in depression research. The activation results in increased cortisol concentrations in the plasma, urine, and cerebrospinal fluid, and exaggerated cortisol responses against ACTH [35] . HPA-axis activation has been suggested to result from excessive secretion of CRF, which triggers depressive mood, loss of appetite, and sleep disturbance [36] . These suggestions are supported by findings of increased CRF levels in the cerebrospinal fluid, increased levels of CRF mRNA in the paraventricular nucleus of the hypothalamus, blunted ACTH responses in CRH tests due to the down-regulation of CRF receptors in the pituitary gland in patients with depression, and also by the down-regulation of CRF receptors in the frontal cortex to compensate for CRF oversecretion in patients system and various tissues, including the peripheral nervous system and CNS. For example, IL-1, IL-2, IL-6, and TNF-α receptors are densely distributed in the hippocampus and hypothalamus [17] . IL-1 has two receptor types: Type Ⅰ and type Ⅱ. The nuclear transcription factor nuclear factor kappa B (NFκB) is activated and intracellular signals can be transmitted through the type Ⅰ receptor. A role of cytokines in specific mental functions and/or mental diseases has been suggested because of the locations of their receptors in the CNS and not because of the specific functions of the cytokines. The important CNS structures that are affected by central cytokines include the locus coeruleus, hippocampus, prefrontal cortex, and hypothalamus. These CNS structures are associated with the biological processes that underlie psychological changes [18] .
THE CYTOKINE HYPOTHESIS OF DEPRESSION
Stress-cytokine-inflammation-depression
According to the cytokine hypothesis ( Figure 2 ), internal or external stress induces cytokine imbalances that play important roles in the expression and continuity of depressive symptoms in vulnerable individuals [19] . A number of major research findings support the cytokine hypothesis.
First, the injection of cytokines into animals and humans induces depression-like symptoms. Depression occurs frequently in patients with hepatitis C undergoing INF treatment. Of note in one study, 23% of patients during INF treatment satisfied the diagnostic criteria for major depressive disorders; in 74% of them depression occurred within 2 mo after the start of INF treatment [20] . The levels of IL-6 and TNF-α, which increase after IFN-α administration, are significantly associated with the severity of depression [21] . Polymorphisms in the 5-hydroxytryptamine (5-HT) transporter and IL-6 genes contribute to the fatigue and depressive symptoms that are observed after IFN-α administration [22] . Second, increases in the levels of proinflammatory cytokines, such as IL-1, IL-6, IL-12, TNF-α, prostaglandin E2 (PGE2), and negative immunoregulatory cytokines have been observed in patients with depression [23, 24] . Third, cytokines trigger activity in the HPA axis and the catecholamine/sympathetic nervous system, two biological systems that are closely associated with the pathophysiology of depression [2] . Cytokines stimulate corticotrophin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH), and activate the HPA axis [25] . In addition, cytokines activate indoleamine-2,3-dioxygenase (IDO), which catalyzes the metabolism of the 5-HT precursor tryptophan to kynurenine, and inhibits 5-HT synthesis in the brain [26] . The proinflammatory cytokine, NA, and DA promote CRF secretion, activate the sympathetic nerve system, and promote immune reactions. During this process, the temperature of the CNS increases and sickness behaviors may be induced [27] . who committed suicide [35, 36] . In patients with depression, CRF oversecretion can appear due to dysfunction of the negative feedback of glucocorticoids. Accordingly, cortisol is not inhibited in dexamethasone suppression tests in these patients. This might be due to deterioration in glucocorticoid receptor (GR) sensitivity. Glucocorticoid resistance results in absence of inhibition in the dexamethasone suppression test and CRF oversecretion.
Cytokines can cause HPA-axis activation, increased CRF, and glucocorticoid resistance. Proinflammatory cytokines, such as IL-1β and IL-6, stimulate CRH secretion from the paraventricular nucleus of the hypothalamus, activate the HPA axis, and promote ACTH and glucocorticoid secretion [37] (Figure 1 ). In early depression research, the cortisol oversecretion from HPA-axis activation was thought to inhibit immune function [32] . However, more recently, immune cells are thought to be unaffected by cortisol in chronic stress and depression because of the inhibition of GR function in immune cells [38] . This may be a result of the oversecretion of proinflammatory cytokines from increased cell-mediated immunity [38] . In support of this, IL-1 inhibits the translocation of the GR from the cytoplasm into the cell nucleus and GR-mediated gene transcription [39] . These findings suggest that cytokines directly affect GR function and induce glucocorticoid resistance. Moreover, antidepressants like desipramine stimulate GR translocation from the cytoplasm to the nucleus and increase GR-mediated gene transcription, which eventually promotes the feedback inhibition that is mediated by glucocorticoids in the HPA axis [40] . Theoretically, the glucocorticoid increase that is induced by HPA-axis activation and the cytokine increase that results from immune activation are not likely to occur at the same time in depression, but an inverse correlation should be observed because the synthetic glucocorticoids that are used to treat inflammatory diseases inhibit the release of proinflammatory cytokines and their synthesis, which results in anti-inflammatory effects [41] . However, no inverse correlations between the concentrations of plasma glucocorticoids and cytokines have been observed in patients with depression. Because the negative inhibitory mechanism of cortisol that prevents increased levels of CRF is impaired in patients with depression, the negative inhibitory mechanism of cytokine secretion in immune cells against increased levels of cortisol is also impaired in these patients. In other words, depression is characterized as a dysfunction of the cortisol feedback inhibitory mechanism to the GR, which is the mechanism for inhibiting CRF oversecretion, and to immune cell receptors, which is the mechanism for inhibiting cytokine oversecretion. These impairments may be directly related to the etiology of depression.
Cytokines and central neurotransmission
Stress simultaneously activates the HPA axis and the sympathoadrenal system (sympathetic nervous system and adrenal medulla). The most important stress response is activation of the noradrenergic (NA) neurons, which show stress responses through pathways from the locus coeruleus to the cortex, hippocampus, and cerebellum, and from the nucleus tractus solitarius to the hypothalamus. Dopaminergic (DA) neurons display stress responses through the nigrostriatal, mesolimbic, and mesocortical pathways. The mesocortical system, which connects the prefrontal cortex and cingulate, is the most important. The stress responses of the serotonergic (5-HT) system result in significant increases in tryptophan in all brain regions. These increases are not localized to the specific brain areas where 5-HT neurons are present. During stress responses, changes in the metabolism and secretion of neurotransmitters, such as Ach and γ-aminobutyric acid (GABA), are observed. Neuropeptides of the peptidergic system, which include CRF, are also involved in the stress response. According to the monoamine depletion hypothesis, depression develops as a result of decreased availability of monoamine neurotransmitters, especially 5-HT and NA, in the synapse. Proinflammatory cytokines significantly affect the peripheral and central 5-HT systems. Peripheral injections of IL-1β and TNF-α increase the extracellular levels of 5-hydroxyindoleacetic acid (5-HIAA) in the nucleus raphe dorsalis, and central injection (intracerebroventricular application) of IL-1β, IFN-γ, and TNF-α stimulates the 5-HT transmission in the nucleus raphe dorsalis [42] . Peripheral injections of IL-1 increase NA turnover in the hypothalamus and hippocampus, 5-HT turnover in the hippocampus and prefrontal cortex, and DA turnover in the prefrontal cortex [43] . In an in vitro study, IL-1β increased the activity of the 5-HT transporter [44] , which has a critical role in 5-HT transmission because it facilitates 5-HT reuptake. If the 5-HT transporter is activated in central 5-HT neurons, the amount of 5-HT removed from the synapses increases, which results in a deterioration of 5-HT-mediated functions. In addition, IL-1β receptors are expressed in 5-HT neurons and IL-1β is synthesized in neurons and glia [45] . IL-1 and IFN-γ increase the activity of IDO, which promotes the metabolism of tryptophan and decreases 5-HT synthesis in the brain [26] . IL-1β acts on 5-HT transporters to increase 5-HT reuptake in the synapse, and the decreased concentrations of serum tryptophan decrease the usefulness of the 5-HT system, which eventually induces depression (Figure 2 ).
The neurodegeneration hypothesis of depression: Cytokine-5-HT interaction
According to the monoamine hypothesis, patients with depression have a vulnerable 5-HT system. Their 5-HT turnover is increased and then becomes depleted, inducing 5-HT2 receptor up-regulation. The levels of tryptophan, a precursor of 5-HT, in the blood of patients with depression are decreased compared with those of healthy people [46] . Eating tryptophan-deficient foods worsens mood, while the administration of tryptophan improves depressive symptoms [47] . Depression is significantly associated with old age, chronic medical diseases (e.g., coronary heart diseases, diabetes, Parkinson's disease, stroke, and cancer), and chronic stress. Nevertheless, not all elderly or chronically ill people experience depression. How can these individual differences be explained? One hypothesis that can explain these differences is the neurodegeneration hypothesis: Cytokine-5-HT interaction [47, 48] . According to this hypothesis, acute psychological stress triggers tryptophan defects and mood swings. To correct the 5-HT imbalance, 5-HT synthesis and receptor expression are modified. This is the first stage of coping with psychological stress. If the psychological stress is chronic, the levels of proinflammatory cytokines increase. The levels of proinflammatory cytokines also increase in cases of physical stress or chronic diseases. These increases in proinflammatory cytokines trigger an increase in the levels of anti-inflammatory cytokines as a compensatory mechanism in order to maintain balance. This is the second stage. If the balance is not maintained and the levels of proinflammatory cytokines increase excessively, animals show sickness behaviors, while humans show depressive symptoms. The increased levels of proinflammatory cytokines activate the IDO enzyme and accelerate the metabolism of tryptophan to kynurenine. The level of 5-HT in the brain decreases, which further aggravates the symptoms of depression in individuals vulnerable to depression. Through the complicated tryptophan metabolism process, the neurodegenerative quinolinate and the neuroprotective kynurenate are formed in the brain. This is the third stage, which is important for maintaining balance between neurodegeneration and neuroprotection ( Figure 2) .
Minor neurodegeneration can occur in all people. However, in the elderly population or in individuals with severe stress or chronic diseases, the balance between the proinflammatory cytokines and anti-inflammatory cytokines is lost, and the process of metabolizing tryptophan to kynurenine is accelerated, which lowers the concentration of 5-HT in the brain. If the balance between neurodegeneration and neuroprotection is also lost, neurodegeneration begins. Neurodegeneration in brain regions including the hippocampus and frontal lobe results in cognitive and memory impairments. As a result, the neurodegeneration process inhibits all of the brain strategies that might cope with the stress, which induces depression or treatment-resistant depression. The neurodegeneration process is further deteriorated due to neurotoxicity from cortisol oversecretion from stress-induced HPA-axis activation [49] . The neurodegeneration hypothesis of depression can explain the development of depression in the elderly and chronically ill. In addition, it suggests methods for coping with various stresses in various stages according to the stress intensity and period. In a recent study [49] , patients with depression showed a significantly higher tryptophan breakdown index and lower kynurenic acid concentration level compared with those in the normal population. These findings imply that patients with depression exhibit decreased levels of neuroprotection markers, which supports the neurodegeneration hypothesis.
Cytokines, microglia, and neurogenesis
Cytokines have been reported to promote neuronal differentiation and remodeling in the brain. Accordingly, their roles in neurodegenerative diseases are of interest. The brains of patients with chronic depression show increased cell apoptosis with decreased volumes of the hippocampus, prefrontal cortex, and amygdala and increased ventricular volume. The chances for developing dementia increase accordingly in these patients, and chronic inflammatory responses are thought to be involved in this process [50] . Proinflammatory cytokines reduce neuroplasticity by increasing the levels of quinolinic acid, which is a strong agonist of the N-methyl-D-aspartate (NMDA) receptor [51] (Figure 2 ).
Stress induces inflammatory responses through cytokine secretion. Cytokines are secreted from peripheral immune cells and central immune cells. Chronic stress activates brain microglia, which secrete cytokines and in turn affect neurogenesis. Neurogenesis is either inhibited or stimulated according to the level of microglia activation [52] . This means that various microglia perform various functions, such as stimulating or inhibiting neurons [52] . Inflammation and cytokines usually directly inhibit neurogenesis. Proinflammatory cytokines, such as TNF-α and INF-α, inhibit neurogenesis through IL-1 regulation [53] . The decline of neurogenesis is prevented by inhibiting IL-1β activity [54] , confirming the important role of cytokines in inhibiting neurogenesis in the brain. In contrast, the administration of drugs that inhibit inflammation recovered or increased neurogenesis [55] . In summary, chronic stress promotes cytokine secretion in the peripheral blood and brain microglia, and cytokines affect neurogenesis.
CYTOKINES AND ANTIDEPRESSANTS
The mechanisms of antidepressants relative to cytokines
Stress induces proinflammatory cytokine oversecretion, which results in depressive symptoms. Antidepressants may inhibit the production and function of peripheral and brain cytokines. As mentioned above, the use of antidepressants decreases the levels of proinflammatory cytokines and increases the levels of anti-inflammatory cytokines [30] . These findings imply that antidepressants inhibit cytokine secretion in immune cells and/or antagonize cytokine receptors to improve the depressive symptoms.
How do antidepressants regulate cytokine secretion and improve depressive symptoms? Several hypotheses have been suggested [19, [56] [57] [58] . First, the changes in peripheral and central cytokines after antidepressant treatment might be secondary results of the neurotransmitter changes that are induced by antidepressants. Stress-induced increases in IL-6 levels are inhibited by pretreatment with propranolol, a β-adrenoceptor antagonist, which suggests that the IL-6 increases could be mediated by the sympathetic nervous system and increased adrenalin in the adrenal medulla. Immune cells have neurotransmitter receptors, and antidepressants act on these receptors to regulate immune cell activity. T lymphocytes express 5-HT receptors (5-HT1A and 5-HT2A/2C) and high-affinity 5-HT transporters. Macrophages have a 5-HT uptake system that is similar to the system in platelets. Antidepressants can have negative immunoregulatory effects by causing deficiencies in intracellular 5-HT storage, increases in extracellular 5-HT, and blocking 5-HT2A/2C receptors; second, antidepressants restore the cytokine-induced GR resistance. In addition, they restore the inhibition of the negative feedback of the HPA axis and normalize HPA axis function; third, antidepressants inhibit the nitric oxide and PGE2 production that is increased by the cytokines; fourth, antidepressants inhibit IDO activity; fifth, antidepressants directly act on macrophages and lymphocytes to stimulate the production of anti-inflammatory cytokines.
In meta-analyses of 22 types of antidepressants, treatments with antidepressants, especially selective serotonin reuptake inhibitors (SSRIs), result in decreased levels of IL-1β and IL-6 [58] . Inflammation increases the activities of the microglial cells and induce astroglial loss, which consequently induces glutamate release and an upregulation of NMDA receptors [59] . The antiinflammatory effects of riluzole and ketamine, which are glutamatergic modulators, are being studied. Riluzole and ketamine prevent neurotoxicity and relieve inflammation by inhibiting glutamate secretion and modulating NMDA receptors [60] .
Promising cytokine-related antidepressants
If cytokines are associated with the pathophysiology of depression, then receptor antagonists that can regulate inflammatory cytokines, anti-cytokine antibodies, and anti-inflammatory cytokines might improve depressive symptoms. Although the therapeutic usefulness of cytokine inhibitors in depression treatment has not been fully investigated, the possibility has been suggested by the results of experimental studies.
The long-term administration of antidepressants in mice results in significant increases in the mRNA levels of IL-1ra in the hypothalamus, hippocampus, frontal lobe, and diencephalon. The learned helplessness that is induced by inescapable shocks is inhibited in mice that were pretreated with IL-1ra [61] . These results suggest that stress-induced IL-1 secretion is a primary cause of the behavioral disturbances shown in the learned helplessness model of depression. CRF receptor antagonists could prevent learned helplessness [62] because the behavioral changes induced by IL-1 occur through central CRF secretion. The cytokine antagonists with a broad action range, such as IL-4 and IL-10, might be more effective than cytokine antagonists, such as IL1ra, which inhibit specific cytokines, in the treatment of depression. In one study, seven severely depressed patients given low-dose lipopolysaccharide showed improved symptoms the next day, when the levels of anti-inflammatory cytokines were expected to peak [63] . These mood changes were transient, and the patients' previous conditions returned after several days. TNF-α has most recently drawn attention as a treatment that can change the course of bipolar disorder (diseasemodifying treatment) [64] . Current evidence suggests that TNF-α regulates apoptotic cascades that may be associated with neuronal and glial loss in bipolar disorder. TNF-α antagonists, such as adalimumab, etanercept, and infliximab, have been used as therapeutic agents for rheumatic diseases, and are currently being used in clinical trials to treat the depressive episodes of patients with bipolar disorder [64] .
The antidepressant effects of anti-inflammatory drugs
If inflammatory responses contribute to the pathogenesis of depression, anti-inflammatory agents are expected to be effective for treating depression. The use of celecoxib, a COX-2 inhibitor, to augment SSRI treatment resulted in better treatment effects compared with the use of the SSRI alone [65] . Celecoxib augmentation therapy can accelerate the treatment responses in depressive episodes of patients with bipolar disorder [66] . In addition, acetylsalicylic acid (aspirin) improves the effects of SSRIs [67] . However, the combination of SSRIs and nonsteroidal anti-inflammatory drugs inhibits the effects of the antidepressant. The effects of citalopram, which regulates TNF-α and IFN-γ in mouse frontal lobe, are inhibited by ibuprofen [68] . These laboratory results have been confirmed in clinical trials; the combined use of citalopram and anti-inflammatory drugs resulted in more treatment failures than the use of citalopram alone. These results were not found in subsequent studies [69] . These discrepancies suggest that inflammatory drug reactions vary according to depression subtype.
Eicosapentaenoic acid and docosahexaenoic acid, which are omega-3 fatty acids, can be used to treat rheumatoid arthritis, psoriasis, asthma, and inflammatory bowel diseases because they reduce proinflammatory cytokines. In addition, they can be used as a supplemental agent of antidepressants [70] . Angiotensin receptor blockers, which are hypertension agents, are thought to have antiinflammatory effects in the CNS. When their mechanism is fully understood, they can be used in depression treatment.
LIMITATIONS
Limitations of the cytokine hypothesis of depression
Many clinical studies have suggested that the neuroimmune activation that results from the production of proinflammatory cytokines is significantly involved in the etiology and pathogenesis of depression. However, the cytokine hypothesis of depression is still controversial due to the following limitations.
First, the cytokine hypothesis states that increased levels of proinflammatory cytokines cause secondary changes, such as neurotransmitter depletion, HPAaxis activation, and the expression of depressive symptoms. Nevertheless, it has not been clarified if the increased levels of proinflammatory cytokines are the cause of depression or are a concomitant phenomenon that maintains the depressive symptoms regardless of the depression etiology. When IFN-α was used in cancer patients as an immunotherapy, the patients developed depression. When the immunotherapy was discontinued or antidepressants were administered, the depressive symptoms improved [20, 21] . Accordingly, the proinflammatory cytokines probably function as a causative factor in patients with depression from medical diseases or immunotherapies. However, it is still unclear how the proinflammatory cytokines function as a causative factor in patients with depression that is caused by etiologies other than diseases or immunotherapies [71] . Second, the effects of antidepressant treatments are not always associated with decreased levels of proinflammatory cytokines [72, 73] . The effects of antidepressant treatment may not be caused by decreased cytokine release or synthesis but rather by disturbance of the actions of peripheral-released cytokines on the CNS regardless of the concentration of released cytokines. Thus, antidepressants may not directly inhibit immune activation but, rather, indirectly regulate immune functions.
Third, previous studies have shown that the increased levels of cytokines in depression are within a low range compared with those in systemic infection and inflammation. In acute infection, the huge amounts of cytokines are produced act on the brain functions, which often results in the progression of depression. However, in most clinical conditions, such as chronic infection and inflammation, only low amounts of cytokines circulate. Thus, there is a question whether and how low amounts of peripheral cytokines act on the brain and develop depression, even under baseline conditions. The difference in brain function affected by low and high levels of cytokines is another issue. Low levels of peripheral cytokines have a similar effect on sleep-awake behaviors compared with a high dose of peripheral cytokines [74] . On the other hand, low levels of cytokines promote non-REM sleep, but this stage of sleep is suppressed by high level of cytokines [75] . It is still unclear, if the doses have similar effects on depression [74] . Because insufficient research for depression and brain functions in various levels of cytokines, the answer to these questions depend on further experimental studies.
It is unclear whether depression is caused by increased neuroinflammation or vice versa because depression diagnoses are made by examining patients' histories of perceptible symptoms and the intrinsic heterogeneity and various environmental factors of the patients are not controlled. We may consider various aspects of the cytokine hypothesis of depression. These include genetic aspects, role of early life stress and trauma, information on modulators of cytokine activity in depression (diet, obesity, gut health, physical condition, sleep deprivation, vitamin D deficiency), medical illness, differences of cytokine activities between animal models and human, inflammatory markers in suicide, and the influence of treatments like antidepressant drugs, psychotherapy, and electroconvulsive therapy.
CONCLUSION
Depression is considered a syndrome that includes diverse symptoms and a mental disorder with various causes. No single mechanism that explains every aspect of depression exists. Some depressive symptoms appear in association with the cell proteins that are produced by the complicated intracellular signal transmission of neurotransmitters, such as 5-HT and NE. However, in some cases, childhood stress sustains CRF hyperactivity and increases stress responses in adulthood, which then results in the oversecretion of cerebral CRF and eventually leads to depression [75, 76] . In other cases, increases in the levels of cytokines from immune system activation activate the HPA axis and increase neurotransmitter turnover, thus leading to depression. These findings suggest that either various etiologies can be observed at the same time in a single patient with depression or that a specific etiology can be dominant.
From a psychoneuroimmunological point of view, the immune, endocrine, and neurotransmission systems closely interact with each other, and inflammation acts as an allostatic load to disconnect them. Depression can be caused by these functional impairments. The sickness behaviors that are observed under inflammatory conditions are similar to depressive symptoms, and some cytokine treatments lead to depression. These results confirm the association between inflammation and depression. Cytokines including IL-1, IL-2, IL-6, IFN-γ, and TNF-α, and hormones like CRF and glucocorticoid have been suggested as inflammation markers. Inflammatory responses that are thought to affect the synthesis and transmission of neurotransmitters, glucocorticoid resistance, and neurodegeneration/neurogenesis contribute to the onset of depression and inhibit recovery. Although no definitive markers of inflammation have been established, they could at least be used in vulnerable patients with depression. Future studies on the mechanisms of neuroinflammation are expected to help overcome the limitations of the monoamine theory and contribute to finding new solutions for the diagnosis and treatment of depression.
